ABSTRACT Five experiments (Exp.) were conducted to determine the effects of phytase on growth performance and intestinal transit time in chicks fed nutritionally adequate diets and diets deficient in Ca and nonphytate P (nPP). In Exp. 1 and 2, chicks were fed a nutritionally adequate diet from 0 to 6 d or from 0 to 4 d posthatching; assay periods were 8 or 10 d; average initial BW were 98 or 79 g; and average final BW were 371 or 369 g, respectively. Treatments were replicated with 12 pens of 5 chicks each. Corn-soybean meal (C-SBM) diets were adequate in all nutrients except Ca and nPP where appropriate. The treatments were 1) C-SBM, 1.0% Ca, and 0.45% nPP; 2) C-SBM, 0.80% Ca, and 0.25% nPP; 3) Diet 1 + 600 phytase units/kg of diet; 4) Diet 2 + 600 phytase units/kg of diet. Experiments 3, 4, and 5 were conducted to determine the effects of phytase on intestinal transit time in broilers. Broilers were fed the same nutritionally adequate diet from 0 to 18, 27, or 23 d posthatching, and the assay periods were 7 d. Treatments were replicated with 18 individually penned broilers. Average initial BW were 768, 1,108, or 838 g, and average final BW were 1,299, 1,704, or 1,392 g in Exp. 3 to 5, respectively. Transit time data were collected on d 1 and 7 of the Exp. Diets were 1) C-SBM, 0.9% Ca, and 0.35% nPP; 2) C-SBM, 0.80% Ca,
INTRODUCTION
Phytate is a compound that contains bound P and other minerals, and it is found in most plants, including corn and soybeans (Harland and Oberleas, 1999) . Because corn and soybean meal make up a substantial portion of diets for chickens, much of the P in these diets is unavailable for 493 and 0.25% nPP + 600 phytase units/kg of diet. Transit time was calculated as the difference between the time feed was first ingested and the time of first appearance of solid feces. In Exp. 1 and 2, the reduction in dietary Ca and nPP reduced (P < 0.01) average daily gain (ADG), average daily feed intake (ADFI), and gain:feed. Phytase addition increased (P < 0.02) ADG and ADFI in diets deficient in Ca and nPP and in the nutritionally adequate diets. In Exp. 2, the reduction in Ca and nPP reduced (P < 0.01) toe and tibia ash percentage, but phytase addition increased (P < 0.01) toe and tibia ash percentage. The increase in toe ash percentage was greater in chicks fed the Ca and nPP deficient diet than in chicks fed the nutritionally adequate diet (Ca and nPP × phytase, P < 0.01). In Exp. 3, 4, and 5, transit time on d 1 was faster (P < 0.03) in chicks fed phytase. On d 7, transit time tended to be faster in chicks fed phytase, but the effect was not significant (P = 0.15). These data indicate that phytase increases ADG and ADFI in diets deficient in Ca and nPP and in diets formulated to be adequate (or excess) in all nutrients for broiler chicks. The increase in ADG and ADFI in chicks fed the nutritionally adequate diet may be due to a faster transit time of feed through the digestive tract, resulting in a greater feed intake and gain.
absorption (Harland and Oberleas, 1999; Ravindran et al., 1999) . Therefore, inorganic P must be supplemented to these diets. Phytase is an enzyme that hydrolyzes the release of P from the phytate molecule (Kies, 1999) . It has been shown to be effective when the Ca and nonphytate P (nPP) concentration of the diet is reduced, thus reducing the need for inorganic P addition (Nelson et al., 1971; Denbow et al., 1995; Gordon and Roland, 1998; Sohail and Roland, 1999; Yan et al., 2001) . However, the effect of phytase in nutritionally adequate Ca and nPP diets has been studied to a much lesser extent and with varied results. Some studies have shown a positive effect or an extraphosphoric effect of phytase Keshavarz, 2000; Waldroup et al., 2000; Watson et al., 2005) , whereas other studies did not see an improvement by phytase in nutritionally adequate diets (Gordon and Roland, 1997a; Sebastian et al., 1997) . The positive effects of phytase were explained as a nutritional benefit ; however, this positive effect might be due to the consistency or viscosity of the diet. Research has shown that higher viscosity diets result in a decrease in feed intake (Almirall et al., 1995) . Research also has shown that the addition of enzymes to diets in chickens results in differences in viscosities of the ingesta (Svihus et al., 1997) and transit time through the digestive tract (Almirall and Esteve-Garcia, 1994) .
Therefore, the objective of this research was to evaluate the effects of phytase on growth performance, bone ash percentage, and intestinal transit time in nutritionally adequate diets as well as in diets deficient in Ca and nPP for broiler chicks.
MATERIALS AND METHODS

Experiments 1 and 2
All experiments (Exp.) were approved by the University Animal Care and Use committee. In each Exp., 240 Ross × Ross, male broiler chicks (Sanderson Farms, McComb, MS) were allotted to 4 dietary treatments in completely randomized designs. Each treatment was replicated 12 times with 5 chicks each. The chicks were fed a corn-soybean meal (C-SBM) diet, similar to the adequate C-SBM diet in Table  1 , from 0 to 6 d (Exp. 1) or from 0 to 4 (Exp. 2) d posthatching. On d 6 (Exp. 1) or d 4 (Exp. 2), after an overnight fast, the chicks were weighed, wing-banded, and allotted to treatment. They were then fed the experimental diet, and the assay periods were 6 to 14 (Exp. 1) or 4 to 13 (Exp. 2) d. Average initial and final BW were 98 and 371 g in Exp. 1 and 79 and 369 g in Exp. 2, respectively. They were housed in environmentally controlled (32°C) Petersime (Petersime Incubator Co., Gettysburg, OH) starter batteries with raised wire floors. Chicks, feed, and water were checked twice daily, and feed and water were provided on an ad libitum basis throughout each Exp.
Corn-soybean meal diets adequate in all nutrients (except Ca and nPP for experimental purposes) were used. The diets (Table 1) provided 1.26% Lys and 3,200 kcal of ME/ kg and met or exceeded all other nutrient requirements (NRC, 1994) . The dietary treatments were 1) C-SBM, 1.0% Ca, and 0.45% nPP; 2) C-SBM, 0.80% Ca, and 0.25% nPP; 3) diet 1 + 600 phytase units/kg of diet; and 4) Diet 2 + 600 phytase units/kg of diet. A basal diet was mixed as 1 batch and then subdivided into 4 parts. The 4 experimental diets were made by adding sand to the reduced Ca and nPP diets in place of the monocalcium phosphate and limestone, and rice hulls in place of phytase. Diets 1 and 3 were analyzed to contain 0.94 and 0.95% Ca, and 0.71 and 0.75% P, respectively. Diets 2 and 4 were analyzed to contain 0.80 and 0.72% Ca, and 0.47 and 0.52% P, respectively. Diets were analyzed for Ca and P by inductively coupled plasma emission spectroscopy (Model Optima 3000, Perkin Elmer, Norwalk, CT) after digestion in nitric acid and hydrogen peroxide. Microbial phytase (Natuphos 600; BASF Corp., Mount Olive, NJ) was added to diets 3 and 4 at 0.1%. In Exp. 1, phytase activity (AOAC, 2003) of the control diet and the low Ca and nPP diet supplemented with phytase was 622 and 635 phytase units/kg of diet, respectively. The response variables were average daily gain (ADG), average daily feed intake (ADFI), and gain:feed (G:F).
Experiment 2 was identical to Exp. 1, except the experimental period lasted from 4 to 12 d posthatching, and tibia ash data were collected in addition to growth data. The phytase activity of the control diet and the low Ca and nPP diet containing phytase were 620 and 670 phytase units/kg of diet, respectively.
At the termination of the Exp., all chicks were killed using CO 2 gas inhalation, and tibias and central toes were collected from the right leg of each chick at the end of Exp. 2. Bones and toes from each pen were pooled and frozen until analyzed. The bones were extracted (Soxhlet; Labglass, Vineland, NJ) for 48 h with ethyl alcohol followed by a 48-h extraction in ethyl ether. They were then dried for 24 h at 100°C and then ashed overnight at 600°C. The toes were not extracted but were dried for 24 h at 100°C and then ashed overnight at 400°C.
Exp. 3, 4, and 5
The remaining Exp. were conducted to evaluate transit time of feed in the intestine of chicks fed diets containing phytase. Ross × Ross chicks were fed a C-SBM diet similar to the control C-SBM diet used in Exp. 1 and 2 (Table 1) for 0 to 18 (Exp. 3), 0 to 27 (Exp. 4), or 0 to 23 (Exp. 5) d. After these preexperimental periods, broilers were used in 7-d experiments to determine intestinal transit time. Initial and final BW for the experimental periods were 768 and 1,299 g in Exp. 3, 1,108 and 1,704 in Exp. 4, and 838 and 1,392 in Exp. 5, respectively. Each treatment in each Exp. was replicated with 18 individually fed chicks. There were 9 male and 9 female chicks per treatment.
A C-SBM positive control diet (Table 1 ) was formulated to provide 1.10% Lys, 0.9% Ca, and 0.35% nPP, and it was adequate in all other nutrients (NRC, 1994) . The diets for Exp. 3, 4, and 5 were 1) C-SBM, 0.9% Ca, and 0.35% nPP; 2) C-SBM, 0.80% Ca and 0.25% nPP + 600 phytase units/ kg of diet. Sand was added to the reduced Ca and nPP diets in place of the monocalcium phosphate and limestone. Microbial phytase (Natuphos 600, BASF Corp., Mt. Olive, NJ) was added to diet 2 at 0.1%. The phytase activities of the diet containing phytase in Exp. 3, 4, and 5 were 875, 1,010, and 368 phytase units/kg of diet, respectively.
During the pretest period, chicks were penned in groups of 3 in Petersime (Petersime Incubator Co., Gettysburgh, OH) grower batteries. The pretest diet was removed 12 h before the start of each Exp. After 12 h, chicks were randomly allotted to treatments and individually penned. Chicks were then fed the experimental diets. The time the chick first began to eat and the time of first appearance of solid feces was recorded. Transit time was calculated as the difference between these 2 times (Washburn, 1991) . The chicks were once again penned in groups of 3. They were then allowed to eat the experimental diet for 7 d, and once again held without feed for 12 h. Transit time was then determined after reintroduction of the feed. The response Phytase replaced rice hulls in the diet with added phytase to provide 600 phytase units/kg of diet. 4 Sand replaced the monocalcium phosphate and limestone in the diet with reduced Ca and nPP. 5 The control diet and the control diet + phytase were analyzed to contain 0.94 and 0.95% Ca, and 0.71 and 0.75% P, respectively. variables were ADG, and transit time on d 1 and 7. Day 1 transit time was not determined for Exp. 3. For statistical purposes, Exp. 3, 4, and 5 were combined.
Statistical Analysis
Data were analyzed as completely randomized designs using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). In Exp. 1 and 2, the dietary treatments were arranged factorially and contrasts were used to determine main effects of phytase and low Ca and nPP and the interaction between phytase and Ca and nPP level. The pen of chicks served as the experimental unit. The data of Exp. 3, 4, and 5 were pooled. The model included treatment and Exp. The gender effect, as well as the treatment × gender and treatment × Exp. interactions were not significant and were removed from the model. The individual chick served as the experimental unit.
RESULTS
Exp. 1 and 2
In Exp. 1, ADG, ADFI, and G:F were decreased (P < 0.01) by the Ca and nPP deficiency. Phytase increased (P < 0.01) ADG and ADFI of chicks fed the Ca and nPP deficient diets as well as those fed the nutritionally adequate diet ( Table 2) . As in Exp. 1, ADG, ADFI, and G:F were decreased (P < 0.01) by the Ca and nPP deficiency in Exp. 2 (Table  2) . Tibia and toe ash percentages also were decreased (P < 0.01) by the Ca and nPP deficiency. Phytase increased (P < 0.01) ADG, ADFI, and toe and tibia ash percentage of both chicks fed the Ca and nPP deficient diets as well as chicks fed the nutritionally adequate diets. However, for toe ash percentage, phytase was more effective in the deficient Ca and nPP diet than in the control diet (Ca and nPP × phytase, P < 0.01; Table 2 ). Ca and nonphytate P × phytase interaction, P < 0.01.
1
Phytase was added to the diets to provide 600 phytase units/kg of diet. In Experiment 1, phytase activity of the control diet and the low Ca and nPP diet containing phytase were 622 and 635 phytase units/kg of diet, respectively. In Experiment 2, the phytase activity of the control diet and the low Ca and nPP diet containing phytase were 620 and 670 phytase units/kg of diet, respectively. 
Exp. 3, 4, and 5
Transit time on d 1 was faster (P < 0.03; Table 3) in chicks fed the diet with added phytase. Transit time on d 7 tended to be faster in chicks fed phytase, but the effect was not significant (P = 0.15). Daily gain was not affected (P > 0.10) by treatment.
DISCUSSION
As seen in this study and in others, deficiencies of Ca and nPP decreased ADG, ADFI, and G:F in chicks (Boiling et al., 2000; Johnston and Southern, 2000) . Phytase addition increased ADG and ADFI in this study, and the increase in ADG was due to an increase in ADFI and with no effect on feed efficiency. This result is in agreement with Denbow et al. (1995) and Sebastian et al. (1996 Sebastian et al. ( , 1997 .
Both tibia ash and toe ash percentages were decreased by the deficiency of Ca and nPP, and as expected, phytase addition improved ash percentages. These results are in Means within a row lacking a common superscript differ, P < 0.03.
1
Initial and final BW were 906 and 1,466 g, respectively. Phytase was added to the diets to provide 600 phytase units/kg of diet. The actual phytase activities of the diet containing phytase in Experiments 3, 4, and 5 were 875, 1,010, and 368 phytase units/kg of diet, respectively. nPP = nonphytate P. agreement with Denbow et al. (1995) , Kornegay et al. (1996) , Waldroup et al. (2000) , and Yan et al. (2001) .
In this study, phytase also had a positive effect on ADG and ADFI in chicks fed a nutritionally adequate diet. This effect has been previously reported by Cabahug et al. (1999) , Keshavarz (2000) , and Watson et al. (2005) , although other studies have reported that the response to phytase on ADG and ADFI was more pronounced in the deficient Ca and nPP diets (Gordon and Roland, 1997a; Sebastian et al., 1997) . Tibia ash percentage was also improved by phytase in the adequate diets. However, the effect of phytase on toe ash percentage was more pronounced when Ca and nPP were reduced in the diet. Cabahug et al. (1999) referred to this effect of phytase in adequate diets as an extraphosphoric effect and hypothesized that it was due to the favorable influence of microbial phytase on nitrogen and amino acid digestibilities. Keshavarz (2000) also reported a positive effect of phytase on ADG of pullets fed nutritionally adequate diets and suggested that the increase in BW might have been due to an effect on digestibility of certain ingredients and provided the birds with adequate nutrients that otherwise could have been limiting for optimum growth. In our study, we believe the positive effect of phytase in nutritionally adequate diets was not due to increased nutrient availability of the diet, because the diets were adequate in all nutrients. It might be due to changes in the viscosity of the diets or transit time through the digestive tract of the chicken.
The positive effect of phytase in nutritionally adequate diets led us to evaluate if the rate of diet passage may be at least partially responsible for this response. Transit time has been determined to be affected by age (Petersen et al., 1999) , temperature (Gordon and Roland, 1997b) , viscosity of diet, and enzyme supplementation (Wang et al., 1992; Almirall and Esteve-Garcia, 1994) . A more viscous diet prolongs feed passage time, which decreases feed intake. Phytase decreased transit time in chicks fed diets deficient in Ca and nPP on d 1. There was no significant effect of phytase on d 7; however, there was a 10.5% decrease in transit time in chicks fed diets with added phytase and reduced dietary Ca and nPP. To our knowledge, there are no reports in the literature evaluating the effect of phytase on transit time. However, the effect of β-glucanase and other enzymes on transit time has been extensively studied. β-glucanase decreases transit time (Almirall and EsteveGarcia, 1994 ) and viscosity of diets high in β-glucans (Wang et al., 1992; Svihus et al., 1997) . Because the diets we used that contained phytase also had lower levels (0.10%) of Ca and nPP, it is possible that the reduced transit time was due to these lower levels of Ca and nPP.
β-glucanase also has a positive effect on ADG and ADFI (Wang et al., 1992; Almirall and Esteve-Garcia, 1994) . Ritz et al. (1995) reported that Avizyme (contains α-amylase, xylanase, and pectinase) and protease added to a corn and soybean meal diet had no effect on transit time in 0-to 5-wkold turkeys. However, Avizyme 1100 (contains protease, xylanase, and β-glucanase) decreases viscosity of barleybased diets (Svihus et al., 1997) .
The results of our study suggest that the increase in ADG in chicks fed diets containing phytase was due to an increase in feed intake. This increase in feed intake might have been due to a faster transit time in chicks fed diets containing phytase. The chicks fed phytase ate more and thus gained more weight, regardless of the adequacy of the diet.
